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BASIC STUDIES OF GASES FOR FAST SWITCHES

L. G. Christophorou and S. R. Hunter

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831. ...
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This annual report contains a summary of the progress that we have

I. INTRODUCTION

made during the past year on the identification and optimization of fast
gas mixtures for use in diffuse-discharge switches. Qur measurements of
the key transport parameters and breakdown strength characteristics of
several gas mixtures which we have suggested for use in practical

switching devices have recently been pubh’shedl-13 or have been sub-

mitted for publication. 4 17

During the present contractual period, we have expanded the scope
of our research program to include not only the measurement of the basic
transport and rate coefficients [i.e., the electron drift velocity w,
the electron attachment and ionization coefficients, n/N and a/N,
respectively, the gas ionizing W values, and the high voltage breakdown
field strengths (E/N)zim] of gas mixtures of potential practical
interest but also to study the behavior of these gas mixtures under more
severe environmental conditions which are likely to occur in practical
applications. In this connection, we have continued our studies of w,
n/N, a/N, and ka (the electron attachment rate constant) as a function
of gas temperature T and have initiated new projects to study the effect
of gas temperature on the (E/N)zim and the W value of selected gas
mixtures. This information 1is crucial to the understanding of the
mechanisms 1imiting the rapid recovery of the dielectric properties of

the gas mixture after the switch has opened (i.e., the switch current

-"_ -l P e te T S Lo »
- Mo S PR - T et ot et e o . .

N B N - N . ad e F IR T SR W " M -« . ~ .. . - -
T PV P PR ST LA PRI R A P VR T TN N T N TN D Y N I AP AT

FEE SR




M S AR ol © A et I Dt S e ¥ ""Ji".“'\""vn'f'.".W'-"'.“'L‘\"".‘[!['?‘-“. Ol e AR Ay SR A B Al Sl Sl bl Wi s A L & aivi Sbdavei iy |

has decreased to zero) and the high repetition rate operation of the
switch at elevated gas temperatures. We performed these studies in
collaboration with a sister program funded by the Naval Surface Weapons
Center (NSWC) to study the short- and long-term decomposition of these
gas mixtures under varying levels of discharge current and deposited
energy at elevated gas temperatures with different electrode and

18 The modifications we have made to our experi-

insulator materials.
mental apparatus to allow measurements to be made at elevated gas
temperatures are given in Section II, and the technical progress we have
made on the identification of gas mixtures with desirable electron

transport and rate coefficient properties for use in diffuse gas dis-

charge switching applications are given in Section III.

II. TECHNIQUES
We have used experimental techniques that have been developed in

this 1laboratory during the past ten years or so to identify gases and

gas mixtures which have the desirable characteristics outlined in
Refs. 1-7 and 14 when used in diffuse discharge opening switches. These
measurements have allowed us to tailor gas mixtures which can optimize
the characteristics required in a given switching configuration.
Measurements of w in pure gases and gas mixtures have been made in

the apparatus described by Christophorou et a1.19-21

This apparatus has
been used to measure w in gas mixtures for use in high speed propor-
tional counters and to study the density dependence of w in dense polar
21
gases.
We have recently used this apparatus to measure w and the electron

attachment and ionization coefficients (n/N and «/N, respectively) in

-----




gas mixtures at elevated gas temperatures. However, we have experienced

severe difficulties in performing these measurements at temperatures
above 500 K, as we have noticed that at higher gas temperafures the
electrical insulation material used in the high voltage and signal
feedthroughs loses its high impedance and becomes partially conducting.
We have attempted to overcome this problem by redesigning the oven
heating system to allow forced air cooling of the high voltage and
signal feedthroughs. These modifications have recently been completed,
and measurements at higher gas temperatures will recommence shortly.

Extensive modifications have also been made to our room temperature

high voltage breakdown apparatus to allow measurements of (E/N) to be

2im
made at gas tempertures up to 600 K. These modifications included
redesigning the chamber flanges and cathode support assemblies to remove
any possibility of gas contamination from O-ring and vacuum grease
emissions at high temperatures. We have previously observed that the
electron attachment rate constant for several gases can either decrease
or increase significantly with gas temperature at temperatures up to

600 K,11’13

and we expect that the (E/N)zim value for these gases will
similarly be a considerable function of the gas temperature T. These
findings will have important consequences for the repetitive operation
of diffuse gas discharge switches at these elevated gas temperatures and
the recovery of the dielectric properties of the gas after a switching
impulse has occurred. Work has also commenced on modifying our W value

(eV to produce an ion pair) apparatus to allow operation at elevated gas

temperatures (up to 600 K).
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e I1. TECHNICAL PROGRESS
f‘? The measurements that have been performed during this reporting

N period have allowed us to continue our studies on identifying attaching
gas/buffer gas mixtures which have very desirable electron attaching and
drift velocity characteristics for possible use in diffuse discharge
oy opening switches. Our measurements of the electron attachment rate
constants and negative ion production cross sections for several
electronegative gases with the desirable electron attaching properties
have now been pubh’shed.a.u’13
A. Basic Data

s We have measured the electron attachment and ionization coeffi-
26 "3 8

o n-C4F10 gases using a new method of data analysis. The pressure depen-

;:i: cients and electron drift velocities in 0,, CH,, CF,, C,F., C,Fg, and

dence of the electron attachment coefficient in 02, C3F8, and n-C4F10
and of the electron drift velocity in C3F8 and n-C4F10 have been
analyzed and explained. A paper describing this technique and the
;;> measurements we have performed in these gases has been presented at the
Joint Symposium on Swarm Studies and Inelastic Electron-Molecule

CoHisions22

and is being prepared as an open literature publication.
High pressure electron attachment rate constant measurements (ka =

nw/N) have been obtained in N2 and Ar buffer gases for the perfluoro-

3
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ethers (CF,),0 and (CF,).S from thermal energy (~0.04 eV) to ~4.8 eV.

32 32
Both (CF3)25 and (CF3)20 have very desirable electron attaching proper-

ties for use in diffuse discharge switches. Knowledge of the electron
- energy distribution functions for N2 and Ar buffer gases has enabled us
. to obtain the electron attachment cross sections (oa) for these electro-
j}ﬁ negative gases from such measurements. Single collision negative ion
]l'
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production studies have been performed for these gases which have
identified the initial negative ion and neutral fragments which will be
produced during the operation of the switching gas discharge. These

10

measurements have recently been published. Qur measurements of

ka(<e>) and the swarm unfolded attachment cross sections in the per-

3 A1l these

fluoroalkanes n-CNF2N+2 (N = 1-6) have also been published.
gases have been found to possess very desirable electron attachment
properties as a function of <g> for use in diffuse gas discharge
switching studies.

Measurements of the electron attachment rate constant, ka’ have
been made as a function of the mean electron energy, <e>, at gas
temperatures up to 700 K in CCJLF3 and up to 750 K in C2F6. A substan-
tial increase in the rate of electron attachment with gas temperature
has been observed in both of these molecules, which is interpreted as
electron attachment to higher vibrational levels of the ground state of
these molecules. A paper describing these measurements has been
pubh’shed.11

Measurements of ka(<a>) in C3F8 have also been performed recently

as a function of gas temperature up to 750 K in argon buffer gas (over

the mean electron energy range 0.76 < <g> < 4.8 eV). These measurements
show that at T = 300 and 400 K, ka(<s>) is strongly dependent on gas
pressure indicating that parent negative ion formation processes are
significant electron attachment processes at these temperatures. At
higher gas temperatures (T 2 450 K) pressure dependent attachment
processes are absent indicating that electron attachment to C3F8 at
these temperatures is purely dissociative. The overall rate of electron

attachment has been found to initially decrease with increasing T up to

.........................

........

..................
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T = 450 K and significantly increase with increasing T above this gas
temperature. These measurements indicate that relatively small changes
in the gas kinetic energy (and hence in the vibrational populations of
the attaching gas) can have a large influence on the electron attaching
properties of a gas molecule which could, in turn, significantly affect
the performance of repetitively operated switches operating at elevated
gas temperatures using these gas mixtures. A paper describing these
measurements has recently been pubh‘shed.13

Electron drift velocity measurements have been made in many gas
mixtures, including CF4/Ar, CF4/CH4, C2F6/Ar, C2F6/CH4, C3F8/Ar, C3F8/
CH CF

OCF3/Ar, CF OCF3/CH4, CZFG/NZ’ CF4/C2F6, and Ar‘/CH4 over a

4 3 3
concentration range of 0.1-100% of the attaching gas in the buffer gas.
A1l these mixtures, except the CZFG/NZ mixture, exhibit a pronounced

negative differential conductivity region over a wide range of frac-

tional concentrations of the attaching gas in the buffer gas, and the

-ﬁ;ﬁ position of the maximum in the drift velocity is greatly affected by the

concentration of the attaching gas.7 The ability to tailor the gas
mixture to obtain the desired mobility enhancement over the appropriate
E/N range is essential in order to optimize the operating conditions of
the diffuse discharge in the switch. Measurements of the ratio of the
transverse diffusion coefficient to the electron mobility, DT/p, have
been made in the attaching gases CF4 and CZF6 each in the buffer gases

CH4 and Ar, using the DT/p apparatus at the Australian National

University. Preliminary data analysis has been made on the measurements

in the C2F6/CH4 gas mixtures. A paper describing these measurements has
14
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been accepted for publication.
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An extensive series of measurements of the W value (eV/ip) have
been made in several binary and ternary gas mixtures containing CZFG’
The apparent W value of pure c2F6 has been found to be very dependent on
the total gas pressure and applied voltage due to the large negative
ion-positive ion recombination coefficient in this gas. The true W
value of C2F6 has been found to be 34.7 eV/ion pair from an extrapola-
tion of these measurements to infinite applied voltages. W values have
also been obtained in the binary gas mixtures CZFG/Ar, C2F6/C2H2, C2F6/
2-C4H8, C2H2/Ar, and 2-C4H8/Ar. Penning ionization processes have been
found to significantly decrease the W value (i.e., to significantly

increase the amount of ionization) in the latter two gas mixtures and

appear to be absent in the first three mixtures. Measurements of the W

value have also been made in the ternary gas mixtures C2F6/Ar/2-C4H8 and
CZFG/Ar/CZHZ. The measurements 1in the C2F6/Ar/2-C4H8 gas mixtures
indicate that gas mixtures containing Ar and C2F6 and a small percentage
of low ionization potential impurity (such as CZHZ or 2-C4H8) can be

tailored so as to minimize the W value of the gas mixture and hence to

H;f optimize the efficiency of electron production in an e-beam-controlled

diffuse discharge switch. A paper describing these measurements and the

-
theoretical analysis of these results has recently been pubh'shed.12

LA e

A new set of W-value measurements has been obtained for pure CF4,

6° and C3F8. Surprisingly, we have found that the W values of these

9 - molecules are almost identical, even though their inelastic and ioniza-

A

CZF

A e e

tion cross sections are considerably different. Measurements of W have
also been performed in the following binary gas mixtures: CH4/C2F6,
CH4/CF4, Ar/CF4, and Ar/C3F8. Some of these mixtures have been used in

small-scale switching experiments, and the present measurements will be
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useful in attempting to model the electron conduction properties in
these experiments. We have also measured W values in the following
ternary Penning ionization gas mixtures: CF4/Ar*/C2H2 and C3F8/Ar/C2H2.
Considerable reductions 1in the measured W value occur (i.e., gas
jonization increases) when small percentages of C,H, are added to the

22

CF4/Ar and C3F8/Ar gas mixtures as was previously observed for the
12

C2F6/Ar‘/C2H2 gas mixtures. Analysis of these measurements is in
progress.

Measurements of the electron drift velocity and attachment and
ionization coefficients have been made in C2F6/Ar and C2F6/CH4 gas
mixtures at gas temperatures of 300 and 500 K over the concentration
range of 0.1 to 100% of the C2F6' These measurements are given in

Figs. 1 to 5. The electron ionization coefficient in CZFG is unchanged

by increases in the gas temperature (Fig. 1), whereas the attachment
coefficient increases significantly with T for all concentrations of
CZF6 in either Ar (Fig. 2) or CH4 (Fig. 3). In contrast, the electron
drift velocity is hardly affected by changes in T at high E/N values
near the maximum, particularly at small concentrations of the C2F6
(Figs. 4 and 5), but the electron mobility (uN = w/E/N) is very
dependent on T at E/N values near thermal (Figs. 6 and 7). These obser-

vations are interpreted in terms of the changes in the electron

scattering processes from the higher ground state vibrational levels and

26
gas temperatures. Further measurements at 700 K are planned for the

J!__ increased total electron attachment cross section of C_F. at elevated

near future.
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n/Ng + a/Ng AND (a+n)/Ng (10~ cm 2)

coefficient a/N_, and total ion production coefficient (a+n)/N_ of pure
C.F. at 300 anf 500 K as a function of E/N. These measureménts show
tﬁaé the ionization coefficient is practically unchanged by increases in
gas temperature, while n/N_ increases considerably (by ~+25%) at higher
E/N values. a

‘ 0

_:' 100 200 300 2 400

2 E/N (107 Vv cm?)

Li FIG. 1. Electron attachment coefficient n/N_, electron ionization
2
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FIG. 3. Electron attachment coefficient n/N_ for several C2F /CH, gas
mixtures as a function of E/N at gas tempeiatures of 300 ar?d 5‘60 K.
These measurements indicate that the attachment coefficient increases
significantly at all concentrations of the attaching gas in the buffer
gas for both the C2F6/Ar and CZFG/CH4 gas mixtures.
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2.5
TEMPERATURE
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FIG. 7. Thermal electron mobilities in C,F /CH gas mixtures at gas
temperatures of 300 and 500 K. At room tempe ature (300 K) the electron
mobility is nearly independent of the concentration of the C,F. in CH
At higher gas temperatures, the electron mobility becomes a g 8n1f1caﬁt
function of CZFG concentration. Similtar effects are seen in the C2F6/Ar
gas mixtures.
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B. Publications

The majority of the measurements described above have been pub-

1-7

lished or have been submitted for publication. Our measurements of

the electron attachment rate constants and negative ion production cross

sections for the perfluoroalkanes, fluoroethers, and fluorosulfides have

8-10

recently been published. Our high temperature electron attachment

rate constant measurements to C_ F. and CC2F311 and our high temperature

26
13

ka measurement in C3F have also been published recently. A paper has

8
been written for journal publication in which our electron drift
velocity, attachment, and ionization measurements in several proposed
switching gas mixtures have been summarized, and the relevance of these
results to the design and optimization of gas mixtures for diffuse
discharge switching applications has been outh’ned.14 A paper has been
published describing our initial W value measurements in C2F6 gas
mixtures.l2 These measurements, analyses, and implications for diffuse
gas discharge switching applications have been discussed in a paper
which was presented at the 5th IEEE Pulsed Power Conference (Appendix

A).16

An invited paper was also presented at this conference in which
our measurements of the effect of gas temperature on the electron drift
velocity and electron attaching and ionizing properties of gas molecules
was discussed (see Appendix B).17

An invited paper describing the effects of elevated gas tempera-
tures on the dissociative and nondissociative electron attachment

properties of gas molecules, which have been observed under partial

support by ONR, has been presented at the Joint Symposium on Swarm
3

Studies and Inelastic Electron-Molecule Collisions (see Appendix C).2
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PENNING IONIZATION TERNARY GAS MIXTURES FOR DIFFUSE DISCHARGE SWITCHING APPLICATIONS*

K. Nakanishi, i

L. G. Christophorou} J. G. Carter, and S. R. Hunter

Atomic, Molecular and High Voltage Physics Group
Health and Safety Research Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 3783)

Summary

The increase in the total ionization produced by
high energy a particles in Ar/C,F¢ mixtures (which
have conduction and insulation properties appropriate
for use in diffuse discharge switching applications)
by addition of low ionization energy additives has
been quantitatively studied. The energy to produce
an electron-ion pair (ip). W, in C;Fg was found to be
34.7 ev/ip: this rather high value is attributed to
the large cross section for electron impact-induced
dissociation of C;Fg. The W values of Ar/CpFg mix-
tures have also been measured and are reported; they
increase with increasing C;Fg content. The W values
of Ar/C,Fg binary gas mixtures have been found to
decrease--higher total ionization--by addition of
CaH, or 2-C4Hg. Quantitative measurements of the W
values of the ternary gas mixtures are reported. The
amounts of C,H, or 2-C.Hs 1n Ar/CyFg which maximize
the increase in total ionization have been estimated;
some of these ternary gas mixtures may be useful in
e-beam-sustained diffuse discharge switches.

Binary and Ternary Gas Mixtures for Diffuse
Discharge Switching Applications

Christophorou and coworkers!~4 have shown that
binary gas mixtures composed of buffer gases such as
Ar and CH, whose electron scattering cross sections
have a Ramsauer-Townsend minimum at low energies (at
~0.3 eV), and electron attaching gases such as CF,,
C,Fg, and C3F5, which attach electrons efficiently at
high density-reduced electric fields E/N and have
much reduced electron attachment rate constants at
low E/N, are most appropriate for diffuse discharge
switching applications. Such mixtures have distinct
maxima in the electron drift velocity, v, as a func-
tion of E/N at E/N values appropriate for the con-
ducting stage of the switch: the;; have, at these E/N
values, w values in excess of 10’ cm s~! and break-
down strengths >150 x 10°!7 vV cm? for mixtures con-
taining >10% of the attaching gas.

In the present study we further optimize the
conduction properties of such gas ®mixtures by
reducing the energy required to produce an electron-
ion pair, W, of the binary gas mixture (e.g., Ar/
C,Fg). This is achieved by adding to the Ar/C;Fg
mixtures small amounts of low ionization energy
additives such as C;H, and 2-C(H,. Since the ioni-
zation energies of C,H, and 2-CqHg (~11.3 eV and
~9.2 eV,5 respectively) are lower than the excitation
energies of Ar,% the molecules C,H, and 2-C Hg are
expected to be ionized by collisional energy transfer
from excited argon atoms® (i.e., via Penning ioniza-
tion processes). The W values of CpFg, CpHz, 2-C4Hg,
Ar/C,Fg, Cst/CzH:, CaFg/2-C Hg, AY/C2F3/C2H2, and

Ar/C,;Fg/2-C4Hg have been measured using high energy o
particles and are reported. Since the energies of
the electron beams normally used in diffuse discharge
switching applications are in the KkeV range, the W
values for o and B particles are expected to be
similar.® The W values of the ternary mixtures were
found to be lower--total ionization higher--than the
W values of the binary Ar/C,Fg mixtures, by an amount
which depends both on the percentage of the additive
to the binary gas mixture and the percentage of C,Fg
in Ar.

Measurement of W

In Fig. 1 is shown the block diagram of the
system we employed to measure W. An uncollimated
Pu?3? gource was used which produced ~6 x 10% o
particles per second of initial energy ~5.1 MeV. For
the pressures employed (2100 kPa) the o particles
were completely stopped in the gaseous medium. The
principle of the measurement is described in Ref. 8
(see also Ref. 9). Briefly, when the switch (Fig. 1)
is closed (contact 2 closed), electrons and ions
created by the a particle energy decay in the gas
produce a current in the collector circuit which is
collected as charge on the low loss capacitor C.
Simultanecusly, an electrical stopwatch starts count-
ing the time by closing relay 1. The ramped genera-
tor in the circuit was used as a source of bucking
voltage to the capacitor. The voltage of the ramped
generator was controlled through a feedback circuit
by the output of a high impedance voltmeter (~10!* Q)
which monitored the potential between X and Y (see
Fig. 1).

The charge Q collected at the capacitor is
expressed as the product of the capacitance C and the
voltage across the capacitor V. The number, n, of
ion pairs produced per second is then given by

n = (1/e)(dg/dt) = (C/e)(dv/dt), (1)

vhere e is the electron charge. The total energy
deposited in the gas per second by the a particles is
€oNg, where g, is the energy of each o particle and
No is the number of o particles which are completely
stopped in the gas per second. Since W is the
average energy required to produce an ion pair, it
is equal to -

W = goNo/n = ggNg/ (C/e)(AV/At) . (2)
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SOMIDT TRIGAER

Fig. 1. Schematic diagram of the apparatus for
measurement of the W values.

Since in Eq. (2) C, £y, and Ny are constant during
the experiment, the W value can be determined by
measuring AV and At for the gas under investigation
and comparing these values with those for a reference
standard gas. In the present experiments, we
measured the time At required to charge C to a fixed
value (1.824 V) which was the threshold voltage of
the Schmidt trigger circuit. Wwhen the voltage across
the capacitor reached the fixed voltage, the elec-
trical stopwatch was stopped by the signal from the
Schmidt c¢ircuit (i.e., relay 2 was opened). Since
the W value for pure argon is well known
(26.4 ev/ip5), we used Ar as the standard reference
gas in our study. The unknown W value for the gas
mixture, Hm, was obtained from

HAr/AtAr = Hm/Atn , (3)

using the measured times At and At required to
charge C to a fixed value when the chamber was
filled, respectively, with Ar and the gas mixture.
Since C,Fg 1s an electronegative gas, for pure C,Fg
or for CyFg mixtures containing high concentrations
of CyFg, the W measurement was affected by positive
ion-negative ion recombination. For such systems we
measured W as a function of pressure and applied
voltage. At each pressure, plots of W-! versus v-!
extrapolated [for V-! + 0 (i.e., E/N » ®)] to a
common W value free of recombination effects (see
further details in Ref. 8).

W _values

The W values for C,Fg. C,H, and 2-C,H, and the
binary mixtures of C,Fg with either Ar or C,H, or
2-C,Hy are shown in Fig. 2. The binary mixtures of
C,Fg¢ do not show a "Jesse effect"S [i.e., an abrupt
decrease in W_ (the W value of the mixture) as small
amounts of Z-E.H. or C;H, are added to C,Fg, due to
Penning ionization], although a number of excited
electronic states of CZF6 exist!® above the ioniza-
tion energies of C,H, ‘and 2-C4Hg The behavior of
the C,Fg-containing binary gas mixtures is in con-
trast to that of the binary gas mixtures Ar/2-C.Hg
and Ar/C,H, which showed a Jesse effect;%:? it is
attributed® to the fast dissociation of the electron-
ically excited C,Fq molecules.’
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PERCENTAGE OF Ar OR 2-C4Hg OR CpHy IN Cofg

Fig. 2. Experimental W values of Ar/C,Fg,
2-C4Hg/CyFg, and C,H,/C,F¢ gas mixtures as a function
of the percentage of Ar, 2-C,Hg, or CyH, in CyFg and
their comparison with the calculated data. The
symbols are the experimental values; the lines are
calculated results (see Ref. 8).

The experimental W values of the ternary gas
mixtures Ar/C,Fg/X were measured at a total pressure
of 100 kPa and are shown in Figs. 3 and 4. They were
obtained by adding the impurity gas X (CzH, or 2-C.Hg)
to the Ar/C,Fg mixtures having the following composi-
tion ratios: 4/1; 9/1; 19/1; 49/1; and 99/1. It is
seen that addition of X to the Ar/C,Fg mixture
decreases W (increases ionization) considerably. The
decrease in the W of the ternary mixture goes through
a minimum for ternary mixtures containing <10% C,Fg in
the Ar/C,F¢ binary compeonent. The smaller the
percentage of C;Fg¢ in the binary Ar/C,Fg mixture used,
the lower the concentration of C;H, or 2-C4Hg in the
respective ternary gas mixture for which the minimum
value of W (maximum ionization) is realized. The
ocbserved increase in W with increasing C,Fg/Ar ratio
is considered to be due to the quenching of the
excited argon atoms by C,Fg leading to the dissoci-
ation of the latter; this quenching process competes
with the Penning ionization process involving excited
argon atoms and ground state X molecules.
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PERCENTAGE OF 2-C4Hg IN TERNARY GAS MIXTURE

Fig. 3. Experimental W values of Ar/C,Fg/
2-C,Hg ternary gas mixtures as a function of the
percentage of 2-C4,Hg; in the Ar/C,F¢ mixtures, having
the following compositions: A, Ar/CyFg = 1/0;
B, Ar/C,Fg = 99/1; C, Ar/CyFg = 49/1; D, Ar/CoFg =
19/1; E, Ar/CpFg = 9/1; F, Ar/CyFg = 4/1; G, Ar/CzFg
= 0/1. The symbols are the experimental values, and
the lines are the calculated values using Eq. (4)
(see Ref. 8 for details).

Modeling of the Data

A theoretical analysis of the W _data for the
ternary Ar/C,Fg/X mixtures has led to the expression®

(2)e
,(_1-_1) Ul L a
x Ve [po« %2\ + (s ¥e
A k_c -k—x
1 1
P

P
A X
+ a .(4)
pos (%2 + (%3 P+ [(S2Ye, + [C3\p
A /¢ P X X - A e X
1 1 1 1

where W ., W , and W,, and F_, PC and P are,
respectively, the W va’&.ues and Q.he partial pressures
of Ar, C,Fg and X (CyH, or 2-C.Hg), k,, k. k3, ¢y,
c,. and c, are the rate constants for the respective
reactions below:

k,
Ar + a(e) —— Ar** (transfer of energy from an ¢
particle of energy € to Ar),

ky
CoFg + a(e) —— CyFg** (transfer of energy from an
a particle of energy ¢ to CpFg),

UL W A U G

DA Ml Sl s 0 th B APt v B I gt Ji aeg R " - ol " e S and e au S

ORNL - -184,

CoH2 IN Ar/Cofg |

W (eV/ip)

TOTAL PRESSURE = 100 kPa 4

0.0 20.0 400 §0.0 80.0 00.0
PERCENTAGE OF CjHy IN TERNARY GAS MIXTURE

Fig. 4. Experimental W values of Ar/C,Fg/CoH;
ternary gas mixtures as a function of the percentage
of CpH, in Ar/Cy,Fg mixtures having the following
compositions: A, Ar/C,Fg = 1/0; B, Ar/ CyFg = 99/1;
C. Ar/C;Fg = 49/1; D, Ar/CyFg = 19/1; E, Ar/C,F¢ =
9/1; F. Ar/C;Fg = 4/1; G, Ar/CyFg = 0/1. The symbols
are the experimental values, and the lines are the
calculated values using Eq. (4) (see Ref. 8 for
details).

k3
X + a(e) —— X** (transfer of energy from an a
particle of energy £ to X),
€
Ar* ¢+ X —=—— Ar + X* (transfer of energy from an
excited Ar atom to X),
Cz2
Ar* + Ar — Ar + Ar + h. (quenching of Ar* via
excimer emission),
C3
Ar* + CoFg — Ar + C,Fg¢* (transfer of energy from
Ar* to c2F6)~

In Eq. (4), o = £;(1-n,;)/e,, where £, is the proba-
bility of ionization of )bby energy transfer from
Ar*, (l1-n,) is the probability of formation of Ar*
vhen an ¢ particle of energy £ collides with Ar, and
€ is the average excitation energy of Ar.

Through a nonlinear least squares fitting
routine,® we found the values of kp/k,, k3/k,, ¢,/c,.
€3/c,. and a using the data in Figs. 3 and 4 for
Ar/C,Fg/CoH, and Ar/C,Fg/2-C Hgq. The values of these
parameters are given in Table 1 and have been used in
Eq. (4) to obtain the calculated (solid) curves in
Figs. 3 and 4. The calculated and the experimental
data agree well for both of the ternary mixtures
indicating that our model is able to satisfactorily
account for the observed partial pressure dependences
of W_ in these gas mixtures. The values of the
ratios k,/k;. ka/k;, cy/c;, and a were also calcu-
lated from the data in the binary gas mixtures and
are also given in Table 1. They generally agree with
those calculated in the ternary gas mixtures to
better than 10%, which is the order of magnitude of
the calculated standard deviations for these
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parameters. Consequently, we expect that these
parameters are accurate to within this error limit
and can be used to determine optimum gas Rmixture
compositions when maximum enhancement of the Penning
gas ionization processes is desirable.

TABLE | The parameters calculated in » nonlinear least squsres fat to
the experimental dsts in the Dinfary and ternary gas sizlures

Binary gas mixtures - no Penning iohazation

CaFg/Ar Colg/2-CoMy C2Fg/CaMg
[T 2513012 0.90 ¢ 0.03 1.60 2 0.06
Binary ges mixtures - with Penning ionization
2-CqHg /AT CaHy/Ar
ky/k, 5.08 & 0.28 3.93 2 0.25
€ ic, (1.86 ¢ 0.16) » 10" (1.39 £ 0.19) » 1074
Q (5.16 1 0.06) » 1073 (1.04 ¢ 0.02) » 10°?

Ternary gas mixtures - with Penning i1onization

2-CoHy "Ar/CoFy CoH /AT /CoFy

[P 3.99 ¢ 0 10 4.72 % G.13

X X, 4832018 33212609
c.ic, (1.76 2 G.21) » 10°% (1.24 2 0.13) » 10°*
cycy 0 397 2 0 028 0 384 t 0.020

o (5.13 2 0.07) » 1073 (1022003 x10°%

Conclusions

We obtained, for the first time, quantitative
data on the W values of Cy,Fg and Ar/C,Fg mixtures
wvhich are of interest to diffuse discharge switching
applications. Additionally, we have shown that the
total ionization produced in the Ar/C,F¢ mixtures by
the external particle beam can be consideradly
increased by addition of small amounts of a low
ionization energy additive such as C,H, or 2-C.Hg to
the Ar/C,Fg mixtures. This can be seen from Figs. 3
and 4 and from the data in Table 2. It can, for
instance, bhe seen that the W value of a 99% Ar/
1% C,Fg mixture is reduced from 26.7 eV/ip to
22.1 eV/ip by the addition of 3% of CyH,. The
increase in onization-4s, of course, a function of
both the relative amounts of C,Fg in the ternary
mixture and the nature of the additive X. While
other additives besides the ones we used can be
employed, these must not attach slow electrons (this
is the case for both C,H, and 2-C4Hg) and must not
adversely affect the drift velocity maxima which
characterize the binary Ar/C,F¢ mixtures.1™4

TABE I ™ velues for A7/C,F, m1Rtures as @ function of their Camposition ELLMUm
value of ¥ wher 2-C M, or Con 1% added tc these and percentage of 2-CeH, or CaH;
for which Il.“ 3% realized in the ternary mixtures

{ml)z‘ar n" cor v-” ot At T Fs0n A of X at which H-m occurs
of A- ¥, .

antlres Y ilgn. CaM 2+lqMa [FLN

i e 4 ;6 28 13 [
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Summary

A diffuse gas discharge switch must be capable
of high speed, repetitive switching (i.e., switching
times <10°® §; repetition rates up to 10% Hz; life-
times up to 107 shots) without significant degrada-
tion of its electron conduction and opening charac-
teristics if it is to be useful in pulsed power
switching applications. Whenever the switch is
fired, the gas temperature T within the switch is
expected to rise several degrees centigrade, and
operating temperatures of several hundred degrees are
likely for repetitively operated switches. The
electron transport and rate coefficients, such as the
electron drift velocity and the electron attachment
coefficient for the most promising gas mixtures under
study are expected to be functions of T, and conse-
quently, knowledge of these parameters as a function
of T is desirable for modeling the operation of the
diffuse discharge switch 1n practical application.
Measurements of these parameters in C,Fg/buffer gas
(Ar, CH,, Np) mixtures have been made and are
reported. The electron attachment rate constant has
also been measured for C,F¢ and C3Fg as a function of
the mean electron energy <e> (0.7 < <> < 5 eV) over
the temperature range 300 S T £ 75C K. For CyFg, the
electron attachment rate constant has been found to
increase by 30% over this temperature range, while
for C;Fg. the attachment rate constant fairst
decreases when the temperature is increased to ~450 K
and then significantly increases with increasing T.
An interpretation of these measurements and their
significance in repetat.vely operated diffuse
discharge switching gas mixtures is outlined.

Introduction

Externally controlled diffuse gas discharges
show considerablie promise for use as switches where
one wishes to rapidly transfer electrical energy from
an 1inductive energy storage device to a load on a
repetitive basis. The gas discharge within the
switch can be controlled either by volume ionization
of the gas by a nigh energy pulsed electron beam
(e-beam controlled) or by resonance ion:zation of the
gaseous medium using a pulsed high power UV laser
(opticaily controlled). In both cases, the electric
field across the switch during conduction must be
sufficiently low. such that the discharge is
completely controlled by the external electron
source.

Several operating parameters may be defined for
diffuse discharge opening switches, most of which are
commoni t¢ both e-beam and optically controlled
diffuse discharges. Knowledge of these parameters
can ther. form a basis for tailoring specific gases

and gas mixtures to optimize the switch operating
conditions as nearly as possible. The relevant basic
physical quantities include the electron attachment,
recombination, ionization and diffusion coefficients,
and the electron drift velocity as a function of E/N
(the electric field strength E to gas number density
N ratio), N and gas temperature T; the energy needed
to produce an electron-positive ion pair W; and the
high voltage breakdown field strengths of these gas
mixtures. Studies of these transport and rate coef-
ficients at room temperature (~300 K) in several
promising gas mixtures have recently been
completed.!.?

Very little work has been performed to date on
repetitively operated diffuse gas discharges for
switching applications.3:* The few studies that have
been made 1indicate that the current switching and
high voltage breakdown characteristics of the gas
mixtures are seriously affected by the frequency of
operation of the switch.*:5 Under these circum-
stances it is necessary to know how a given gas
mixture will behave in a repetitively operated switch
and what are the upper limits on the switch repeti-
tion rate and the maximum number of switching opera-
tions that can be performed before the transport, and
hence switching, characteraistics of the gas mixture
1n the switch are seriously altered.

A preliminary study of the time dependence of
the recovery process within the gas mixture after the
operation of the switch has been made by DeWwitt.® He
identified several mechanisms which control the rate
at which the gas mixture recovers its original
behavior. For short time intervals (<10°% s) after
the switch has opened, large positive and negative
ion and, to a smaller extent. electron number
densities exist in the discharge channel between the
switch electrodes. In this situation. the electric
field in the discharge channel 1is large and highiy
dictorted due tc the presence of the 1ionic species.
The gas temperatures are very high (T = 30,000 k$)
with large fractions of the neutral and ionic species
in highly excited vibrational and electronic levels,
and the gas numper density in the discharge channel
is correspondingly low. Considerable fragmentation
of the gas constituents is also expected at early
times (<10-¢ s), and these radicals may subseguently
recombine to ferm the original molecules or new
species.

The rapidity with which the gas mixture recovers
tc its 1initial properties is dependent upon a number
of processes within the discharge. At early times
(“16€ s), recovery i1s dependent upon the recombi-
nation rates of the various ionic and neutral species
in the discharge channel. The rates for collisional
and radiative quenching of the vibrational and

*Research sponsored 1n part by the Office of Naval Research under contract 43 01 24 60 2 and in part by the
Office of Health and Environmental Research, U.S. Department of Energy under contract DE~AC05-840R2140C with

Martin Marietta Energy Systems, Inc.

+
Also, Department of Physics The University of Tennessee, Knoxville. Tennessee 37996.

T
*Fresent address: Theoretical and Physical Chemistry Institute, The National Hellenic Research Foundat:ion,

48. Vassileos Constantinou Avenue, Athens 501/1, Greece.
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metastable excited states are important at early
times. The return to true thermal equilibrium at
later times (t > 1075 s) is controlled by the draift
and diffusion of the ionic species, and the transfer
of the gas kinetic energy out of the discharge
channel. and ultimately into the electrodes and walls
of the switching devaice.

The time domain we are probing in our present
experiments 1s the final fraction of the switch
recovery transient where the gas temperatures are
within a few hundred degrees C of ambient (~300 K).
This region of the gas recovery process is the most
crucial for switching studies in that high repetition
rate (<103 s !) switching will occur in this region,
and 1t 1s vital to know how close to true thermal
equilibrium the gas mixture need recover in order to
regain its full switching capabilities.

An understanding of the factors that affect the
operation of the switch under these conditions can be
obtained by performing the electron transport and
rate coefficient measurements at gas temperatures
above room temperature. The higher the gas tempera-
ture at which the measurements can be performed, the
eariier the fundamental processes controlling the gas
recovery can be probed after a switching impulse. In
this paper, measurements are given of the electron
drift velocity w, attachment coefficient n/N_, and
ionization coefficient o/N_ (where N_ is the attach-
ing gas number density) in C,Fg/Ar gas mixtures at
300 and 500 K, and the electron attachment rate
constant as a function of <c¢>, k_(<g>), for CyFg and
C;F, at gas temperature up to 7 K. These results
may be used to understand the influence of elevated
gas temperatures on the repetitive operation of the
diffuse gas discharge.

These experiments have beern performed 1in con-
sunction with two other studies which have been
reported on earlier in these ;:u*oceet'.hm;s..7's Studies
have been performed to optimize the gas 1ionization
efficiency (1.e.., to reduce the energy treguired to
produce an electron-positive ion pair, W) of the hagh
energy e-beam in practical switching gas mixtures.’
In another study, the effects of gas decomposition
have been simulated using low current corona gas
discharges.® This study has shown the impurities
that are likely to occur in repetitively operated gas
discharges and indicated ways in which the buildup of
these impurities can be minimized.

Operating Parameters of a Diffuse Gas
Discharge Opening Switch

It is possitle to establish several requirements
of a gas mixture in the diffuse gas discharge whach
will optimize the performance c¢f the switch. The
conductivity of the discharge must be maximized while
the switch 1s conductaing [i.e., the voltage drop, and
hence the E/N, across the discharge should be low
(E/N < 3 » 167'7 v cm?) tc minimize power losses and,
consequently, gas heating effects in the switch].
The opening time of the switch must be as short as
possible (1.e.. largest rate cof decrease 1n the
discharge current) once the e-beam has been switched
off in order to maximize the voltage developed across
the inductive energy storage device Consequently,
the electron conductivity in the discharge must be
minimized during the opening stage. and the gas
mixture must be able to withstand high transient
voltage levels (E/N > 1¢~'® v cm?) while the switch
is opening.

These operating conditions allow us to define
several desirable characteristics of the gaseous
medium 1n the conducting (low E/N) and opening (high

E‘N; stages of the switching action. In the
conducting stage, the requirements are.*

1. Maximum electron drift velocity w (-1¢7 cm s~?!),
2. Minimum e-beam '"ionization energy” W,

Minimum electron loss due to attachment and
electron-positive ion recomcination,

("]

4. Minimum jonization rate constant k_ (the con-
ductivity of the gas discharge 15 required to be
completely controlled by the external ionization
source, otherwise the opening time of the switch
will be considerably increased due to additional
gas ionization when the e-beam is switched off).

In the opening stage, the reguirements of the gas
mixture are as follows:

1. Minimum electron drift velocity w,
2. Maximum electron attachment rate constant ka,

3. High breakdown strength E/N, (>107% v em?),

4. Self-healing gas mixtures for closed cycle
operation,
5. In photoexcited and photoionized gas discharges

(required for laser-controlled discharges) it 1is
desirable to have an electron attaching gas in
which electron attachment can be increased by
photoexcitation of the molecules by the laser
radiat:on. ¥/ 1V

The desirable characteristics for the E/N depen-

dence of w and k_ for the gas mixture in the diffuse
discharge are shown in Fig. 1.1'-i1.12
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CONDUCTING OPENING
STAGE STAGE

ORIFT VELOCITY (w)

(°3) LNVISNOD 31VH INIWHOVLLV

E/N (10-'7 V-cm2)

Fig. 1. Schematic illustration of the electron
attachment rate constant k_(E/N) and the electron
drift velocity w(E'N) characteristics required of a
gas mixture for use in a diffuse discharge opening
switch. Approximate values of E/N for the discharge
in the conducting and opening stages of the switch
are shown in the figure (from Ref. 11).
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Room Temperature Measurements of w(E/N) and n/Na(E/N)

for C. F./Buffer Gas (Ar. CH,, N.. CF. ) Mixtures

Electron drift velocity measurements have been
performed by us in a number of gas mixtures at room
temperature and have been reported elsewhere.! All
these gas mixtures have been found to exhibit maxaima
in w at low E/N values and a region of decreasing w
with increasing E/N at higher electric fields [called
a region of negative differential conductivity {(NDC)]
which, as shown 1in Fig. 1, is very desirable for
diffuse discharge switching applications. In this
paper. we report our present measurements in C,Fg/
buffer gas mixtures at room temperature as these gas
mixtures were used in our high temperature electron
drift and attachment studies and were chosen as being
representative of this class of gas mixtures as a
whole.

Electron drift velocity measurements in C,Fg/Ar
and C,Fg/CH, gas mixtures are given in Figs. 2 and 3,
respectively, over the concentration range of 0 to
100% of the attaching gas in the buffer gas. These
gas mixtures, along with the other gas mixtures given
in Ref 1, all possess pronounced regions of NDC over
a range of E/N values. The NDC effects observed in
several of these gas mixtures are among the largest
that have been observed in any gas mixture and are
the result of large vibrational inelastic energy loss
processes 1in these electronegative gases at compara-
tively low electron energies (0.1 < ¢ < 1.0 ev}!
combined with small o (¢) values and possibly even
Ramsauer-Townsend-tvpe minima in 0 _(£) for these
gases at the low electron energies (such Ramsauer-
Townsend minima have been observed for the
nonfluorinated analogues’3).
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for several C,F/Ar gas mixtures.

It is apparent from these figures that gas
mixtures comprised of >15% of C,Fg in Ar possess peak
w values of 2107 em s~', while at all concentrations
of C,F, in CH,, the peak value of v 15 107 cm s=! or
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Fig. 3. Electron drift velocity w versus E/N

for several C,Fg/CH, gas mixtures.

greater. Further it is evident from these findings
that by wvarying the concentration of C.F: in the
buffer gas, the w(E'N! functions can be choser. to
have maximum values in the E/N range of 1-1C » 10717
V cm?, which 1s roughly the range characteristic of
the conduction stage of the switch (Fig. 1). The
peak vaiues of w in the C,Fq/CHy gas mixtures are
considerably less sensitive to the fractional com-
position of the gas mixtures compared with the C,Fg/
Ar gas mixtures.

Measurements of w in C;Fg/N-. and C,F./CF, gas
mixtures have also beern made and are given in Figs. 4
and 35, respectively. Nitrogen has been used as a
buffer gas in several small-scale switching experi-
ments due primarily to the availability ¢f a con-
siderable electron swarm and eiectron beam cross
section data base for this gas, making it amenable tc
theoretical modeling studies which may then be com-
pared with experimental measurements.3.347:7 guitch-
ing experiments have recently been reported by
Bletzinger in C.F¢/N; and CaFg/N; gas mixtures.!t
The w measurements given in Fig. 4 indicate that
these gas mixtures are not particularly suited for
switching applications as they do not show the pro-
nounced electron drift velocity enhancement at low
electric fields that the mixtures gaven ir Figs. 2
and 3 possess.

Gas mixtures composed of varying percentages of
CoFg in CF, also do not show significant change in
the drift velocity maximum (Fig. $). Drift velocity
measurements were made using this gas mixture to
determine if the synerqgistic effects that we have
observed on w in the C(,F¢/Ar. CoF¢/CH,. and other
attaching gas/CH, and attaching gas/Ar gas mixtures
(Figs. 2 and 3 and Ref. 1) would alsoc be observed in
this gas mixture. The measurements show that the
electron drift velocity changes monotcnically from
that of pure CF, to that of pure C;Fg when the
percentage of CyFg is increased.
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Measurements of the attachment coefficient n/N

normalized to the attaching gas number density N_ an
the effective 1onization coefficient (a + n?/pN,
(wher= p 1s the fractional concentration of the

attaching gas 1in the buffer gas and N. 1s the total

mixtures, obtained using the techn:igue outlined :in
Ref. 18 are given in Figs. & and 7. respectively
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Fig. 6. The electrorn attachment coefficient
n/N_ for (,Fg and the effective 1onization coeff:-

cient (o + n)/pN_ (where p 1s the fraci:cnal concen-
tration of CyF¢ in the gas mixture; for the gas
mixtures Co,Fg/Ar. The actual parameter measured 1in
the electron attachment experiment 1is (o =+ n) {in
units of cm™!). This measurement can be either
normalized to the attaching gas number density N
when o = 0 to obtain the normaiized attachment coef-
ficient of the attaching gac constituent of the
mixture (shown in the figure by the solid lines for
various percentages of C,F¢ 1in Ar). or 1t can be
normalized to pN. to find the effective ionization
coefficient of the mixture as a whclie (shown in the
figure by the broken lines for various percerntages of
C.Fg in Ar).

When Ar is used as the buffer gas, the magnitude
of the electron drift velocity anc attachment coeffi-
cient and the positions of the maximz of :nese guan-
tities when plotted as a function of E N are very
sensitive functions of the percentage cf the attach-
ing gas in the buffer gas. The peak positions move
to higher E/N values and the magnitude of the attach-
ment coefficient decreases by over one order of
magnitude 1n going from 0.1 to 100% of the C.Fg
(Fig. 6). Similar changes are observed for w ain
these mixtures, except that w increases with increas-
ing concentration of the attaching gas (Fig 2Z. The
reasorn for this 1s that the add:ticn of ever smail
amounts of a molecular g@as to argon drasticaily
shifts the electron energy distribution function of

the mixture to lower energies .iowering the mear
electron energy <&£> and, consequently. increasing the
E/N value which corresponds tc the <c  value for
which w and n/N_ maximize In contrast to the

measurements in argon. the attachment coefficient and
electron drift velocity in the attach:inc gas methane

gas mixtures are not nearly as sernsitive tc the
attaching gas concentration as are the argon
miXtures, particularly at low attaching gas concen-
trations. The addition of small amounts of a moliecu-

lar gas to CH4 has only a small influence on the

gas number densaty) in C,Fg¢, /Ar and C,F4, CH, gas
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Fig. 7. The electron attachment coefficient selected gas mixtures of C,F;/&r. The mixtures shown
n/N_ and effective lonization coefficient (o + n)/ i this figure exhibit the desirable enhancement of
pN_~ for C.F,/CH, gas mixtures. See Fig. 6 for an the electron drift velocity at low E/N values and
explanation of the symbols. large electron attachment coefficients at hagn E/N
vaiues similar to the optimum characteristics cis-
w.E/N) angd n/N_(E'N) for the mixture as CH, itself played an Fig. 1.
already possesses sizeable 1nelastic loss procecsses
at low ejectron energies, and, conseguently. the et e
electron energy distribution function in the methane ¢ 4
moXxtures 1s only slightly modified. = - = oca
: g " ® S 0r T Cofe CaFg TRy MIXTURES
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These effects can bg seen more c}-;rl) in E ile i10s T Cafg - [] Jiz ja
Figs. & and 9. where n/N (E/N) and w(E/N) for S - -.'OVA - Py
selected gas mixtures of C.Fg in Ar aqd CH, buffer © B 100 % Cof o~ ® » ;
gases are plotted. These measurements indicate that [=} -, . P
the peak 1in n/N_ and « can be positioned at appro- - 0 ot . . 4% >
priate E/N values by either varying the attaching 2 ° .. » &w = >
gas/puffer gas combination or by varying the per- - b L] L. - z =
centage of the attaching gas in the buffer gas, sc as z 8 0 "o P A N >
to maximize the conductivity of the discharge when 5 L A T 2 <! = &
the switch 1s closed and also maximize the rate of & : . by oI <z
X . | -——® ° - T
decrease 1in the conductivaity of the discharge and - ! a Te - R
thus minimize the opening time of the switch when the > 6 . '. - 1€ E
switch 1s opened The ability to tailor the gas — L] . e & < = = P
mixture to position the maximum in w or n/N_ at gaivern - 4 T - a - o
E/N values allows considerable freedom in desigring x o, L & '5,_ 1 py
the operating parameters of the diffuse discharge o ™ S — -
switch. z . o a
g an - i e Tohrdl ) -
Measurements of k_(<e>), n/N_(E/N}, and o/N_(E/N) - 04" z -’ 12 2
a a 2 o O =
at Elevated Gas Temperatures "_“‘ :t - -
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The electron attachment rate constant Kk _(<¢ ¢ = 'a'j‘ a8 - 0
has been measured for C,Fg; over the temperature range 10 1C 10 10
300 = T = 75C K in order tc investigate the influence £/N (V cnwz)

of gas heating on the electron attaching prcperties
of this molecule (Fig. 10).'% As the gas temperature
increases. k_ (“¢r) 1ncreases. and this increase 1is
progressively larger at lower energies such that the
threshold and the peax in the k_(<¢-) shift to lower
energies at higher gas temperatures The k_(<¢-)
increases by :30% over this temperature range near
1ts peak at <t~ = 2 eV (Fig. 10).

Fig 9 Comparison of the electron attachment
coefficient n;N_ and drift velocity w for CyoFe in
sejected 3as mixtures of C.Fg/CHy.

hdd:tionally. we have measured the electron
attachment coefficient n/N_ and the icrization ccef-
ficient o N in pure C:F. and in gas mixtures ccn-
taining varving percentages of C.F, 1ir Ar st a gas
temperature of 500 K 1in order to understané the
influence of eievated gas temperatures orn the trans-
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Fig. 10. Total electron attachment rate con-
stant k_ as a function of the mean electron energy
<+ for ¥,F, at temperatures 300, 400, 500, 570, 650,
and 730 K (from Ref. 19).

port and rate coefficients of gas mixtures for prac-
tical switching devices. These measurements. along
with those obtained at room temperature (3GC K) are
g.ver. 1n Figs. 11 and 12. It is apparent from the
measurements given in Fig. 11 that over the tempera-
ture range 300 = T < 300 K the 1onization coefficient
1s practically unchanged [to within the uncertainty
of the present measurements (=210%)] by increases 1in
the Jas temperature. The electron attachment Coeffi-
cient in contrast increases considerably (by =25%) at
higher E’'N values with a much smaller increase 1in
n-N_ occurring at E/N values close to the tnreshold
for® the attachment process (E/N= 3 - 107!¢ Vv em*).
The percentage 1increase in the rate of electron
attachment tc  C,F: in both the rate constant
[xaz'a ")} and the attachmen: coefficient [N/N_(E/N;]
studies (Figs 10 and 11) near the peak in the
attachmen! process are similar (being >10% 1increase
at 500 K: bput for the k_(7¢£>) measurements [where
the percentage of C.F, 1in the Ar buffer gas is
negligibly small (<1 part 1in 10%)], the greatest
increase 1in k_ occurs near the threshold, while for
the n/N_ measurements 1in pure C:Fg. the greatest
change occurs at the higher E/N values near the tail
of the attachment coefficient. This behavior can be
mere clearly seen 1in Fig. 1Z where the attachment
coefiicient obtained from the rate constant measure-
merts for C.F, (n/N_ = k_’'w, where w 1s the electron
drift velocity an r: 1s fplotted along with the
measurements obtained for varying concentrations of
C_F, in Ar. These measuremerts 1indicate that as the
percentage of CT,F. in Ar 1s increased, the change 1in
n'N_ at threshold decreases. while the percentage
increase in the electron attachment at the high
energy tail increases with increasing C,Fg concentra-
ticn. This observation 15 believed to be the result
of changes in the e.ectron energy distributaon func-
tion 1in the swarm measurements with increasing C.Fg
concentratior.. rather than actual changes in the
attachment processes tc C_Fg.
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16 where (/N = k_w and N_ 1is very small (s
in 109) compared “with the® cuffer gas rumbe:r

density.
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The 1nfluence of changes ir the electron energy
distribution function can alsc be seen in the drift
velocity measurements for several C.F,/Ar gas mix-
tures given in Fig. 13. The greatest change in w
occurs at the low E/N peak in the w curves for the
CoFg/Ar mixtures, while the measurements at lower and
higher E/N values appear to be unaltered by changes
in gas temperature {to within the uncertainty of the
measurements (st5%)). The drift velocity 1in pure
C,F¢ is considerably modified over the whole E/N
range. and thic may be the result of changes in the
electron energy distribution function brought about
by the increase in the electron attachment cross
section at the higher gas temperatures. The influ-
ence that changes in the magnitude of the attachment
coefficient have on the electron energy distribution
function (and consequently upon the transport coeffi-
cients) has recently been discussed.?® The changes
in the electron drift velocity in the C,Fg/Ar gas
mixtures at elevated gas temperatures are expected to
be considerably smaller than those 1in pure C.Fg,
since the electron energy distribution functions in
these mixtures are determined not only by the
scattering processes in CpFg but also by these pro-
cesses 1n the more abundant ar buffer gas, partic-
ularly at low C.Fg concentrations.

Measurements of k_(<¢™) have alsoc been performed
in C,F, as a function of gas temperature up to 75C K
in Ar buffer gas (over the mear, electron energy range
.76 - «£2 $ 4.8 eV)."! These measurements are given
in Figs. 14 and 15 and show that at a given value of
«£>. k_decreases only sliightly ugc to T ~ 400 K. then
rapidly decreases with increasing T up to T ~ 450 K,
and finally sign:if:cantly increases with increasing T
above thils temperature. The lower temperature
measurements (T + 430 K, have been found to be
strongly dependent on total gas pressure. indicating
that parent negative 1on formatiorn protesses are
sigrificant electron attachment processes at these
temperatures. <! At higher gas temperature (T 2
457 K) pressure dependent electron attachment pro-
cesses are negligible 1ndicating that electron
attachment to C,F, at these temperatures 1s predomi-
rantly dissociative.%! The relative contributions of
parent anion formation and dissociative attachment to
the total electron attachment rate constant in C,F,
at a fixed value of <£- as a function of gas tempera-
ture are given in Fig. 15. These measurements indi-
cate tnat rejatively smail changes in the gas kinetic
energy (and hence in the vibrational populations of
the attaching gas) can have a large infiuence on the
eiectron attaching properties of I;F, which could. 1in
turn. significantly affect the performance of repeti-
tively operated switches operating at elevated gas
temperatures using C;Fg.

Cenclusions
The C,F¢.buffer gas mixtures discussed in this paper

along with those mentioned in Ref | are considered
to be good candidates fcr diffuse discharge switching

apriications These gas m.xtures possess the
des.rabie eiectrorn attachment and drift welocity
characteristics disp.ayed 1in Fig 1 which are

required to ennance the electron conduction when the
switch 1s ciosed and then reduce the electron conduc-
tion as rap:dly as possible when the switcn 1is
opened These and other studiec we have
performed!- <. 7.%.13 .1« 1ndicate tnat several of these
Gas mixtures have the further desirable character-
1s%1cs of possessing relatively high breakdowr field
strengths [ (E N > 127 v omd] good stapility
and low umpurity E?Bduct format:on characteristics at
room temperature which are desirable for diffuse
discharge switches
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Fig. 13. Electron drift velocities as a func-
tion of E’'N for several concentrations of C.F¢ in Ar
at gas temperatures of 30C and 50C K.

The increase 1in the rate of electror attachment
that has been observed in C,F. gas mixtures at the
higher gas temperatures (Fig. 12} 1s not expected to
seriously alter the characteristics of the diffuse
discharge and may, 1in fact, be beneficial to the
operation of the swatch at these temperatures. On
the other hand, the changes in the rate of electron
attachment and the type of electron attachment pro-
cesses (1.e., either parent anion formation or dis-
sociative attachment) are significantly affected by
the gas temperature in C,Fg (Fig. 13) and may signif-
1cantly modify the response characteristics of a
repetitivelv operated diffuse discharge switch at
elevated gas temperatures. Further studies are
needed tc explore the influence of gas temperature on
the breakdown strength and switching characteristics
of these and other gas mixtures for possible use 1in
diffuse discharge switches.
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EFFECTS OF TEMPERATURE ON DISSOCIATIVE AND

NONDISSOCIATIVE ELECTRON ATTACHMENT

L. G. Christophorou,* S. R. Hunter,
J. G. Carter, and S. M. Spyrou

Atomic, Molecular and High Voltage Physics Group
Health and Safety Research Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831

Results of recent studies on the effects of temperature, T,
on the dissociative and nondissociative electron attachment to
molecules are presented and discussed. These show the deli-
cate and large effects of T on the cross section g, = o. P of

da
o
c
. . . ——————— -
resonance dissociative [e + AX g " AX Xem——e=p + X ]
t -1
a .
ag
c
and 04~ oép’ of resonance nondissociative [e + AXgr———*
1!
a

P -
AX"* —————a=AX ] electron attachment to a molecule AX. For

AX molecules where only dissociative attachment processes
occur, the effect of T on 0, is an increase in 0, resulting
from an increase in p principgl}y because of a decfease in the
separation time of A and X ; the energy integrated %4a
increases with increasing average internal energy of AX. For
AX molecules with pure nondissociative attachment, the effect
of T is a decrease of 0 . with increasing T resulting from a
decrease in p° (i.e., an increase with T of t ~!). For AX
molecules with both dissociative and nondissociative processes
the total rate constant (or cross section) increases or

-,
«
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decreases with T depending on the relative contribution of the
dissociative and nondissociative processes. It appears that
for both dissociative and nondissociative attachment the
effect of T on O_ or O_ is small except in those cases where
electron capture Sy the “hot molecule is accompanied by geomet-
rical changes. Besides their intrinsic value, these results
are of applied significance in many areas where the operating
temperatures are higher than ambient and where the number
density of electrons and negative ions crucially affects the
performance of the device.

Introduction

Resonance electron attachment processes occur at low
(<20 ev) energies and are generally discussed within the
formalism of the resonance scattering theory and the formation
of transient negative ions. Thus, resonance dissociative and
nondissociative electron attachment to a molecule AX is viewed
as occurring in two steps: (a) capture of the electron by AX
to form the transient anion AX™* and (b) the subsequent decay
or stabilization of AX™*; viz.,

o
c p _
e + A\ g—— = A *————=12 + X (dissociative) , (1)
-1
1
o’ .
c p .
e + AkXg——"AX"* —-=-2X (nondissociative) . (2)
-1
a

In reactions (1) and (2), o_ and 0  are the respective elec-
tron capture cross sections, p and p are the probabilities
for AX™* to decay by stable fragment [Eq. (1)] or parent
[Eq. (2)] anion formation, and t_~! and 1t ~! are the respec-
tive constants for AX"* to decgy by autodetachment. While
many negative ion states (NISs) are usually involved in
process (1), only one NIS (the lowest) is usually involved in
process (2) [process (2) also requires that the electron
affinity of AX 1is positive (>0 eV)]. In certain cases
reactions (1) and (2) can proceed concomitantly and be in
competition.

Processes (1) and (2) can be classified [1,2] according to
the internal state of excitation of AX, viz.
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. e + AX(G; v X 0)—————.»AX'*(G or E);———__._—decay B (3)
h (o] .
c,v,J
e + AX*(G; v > 0; j > 0)————=AX~*(G or E) =—/——=e= decay , (4)
0c,E
) * % —_
- e + AX*(E)————~ AX"*(E) =—/——— decay . (5)
. In reaction (3), AX(G = 0, v = 0) is a molecule in its ground
o electronic state G and predominantly in its lowest (v = 0)
- vibrational state of excitation, and AX *(G or E) is the
[ - transient anion formed in either the field of the ground (G)
i or the field of an excited (E) electronic state with a capture
cross section o_. In reaction (4), AX*(G = 0, v > 0, j > 0)

is a molecule In its ground electronic state, but in higher
vibrational (v)/rotational (j) states, and AX™* (G or E) is
the respective transient anion formed with a cross section
c v In reaction (5) the target molecule AX*(E) is elec-
trbniaally excited, and the electron is captured in the field
of an excited electronic state producing AX~*(E) with a cross
section © . Most studies to date concerned themselves with
reaction E3F. Swarm studies on reaction (5) are in progress
at our laboratory. Electron attachment to "hot" molecules
[reaction (4)] (the wvibrationally/rotationally excited mole-
cules can be formed by either laser excitation or by gas
heating) have been reviewed [2].

In this paper we discuss reaction (4) with reference to
published data and with reference to new results obtained at
our laboratory on polyatomic halogenated compounds. Studies
of the effects of temperature on the various electron attach-
ment processes are of both intrinsic and of applied signifi-
cance. With regard to the latter, in many applied areas the
operating temperatures are higher than ambient and the per-
formance of the various devices is crucially affected by the
number density of electrons and negative ions (such is the
case, for example, in diffuse discharge switches) and thus by
T. Our discussion of resonance electron attachment to hot !
molecules will be separated into three parts: (a) electron
attachment to molec.ales where only dissociative attachment
processes occur, (b) electron attachment to molecules where
only nondissociative electron attachment takes place, and (c)
electron attachment to molecules where both dissociative and
nondissociative electron attachment processes occur over an
energy range.




Effects of Temperature on Electron Attachment to

Molecules Where Only Dissociative Attachment Occurs

Diatomic Molecules

The cross section, O for (1) can be expressed as

da’

0da = 0c P - (6)
In Eq. (6) the capture cross section o depends [2-4] on the
autodetachment width I'_ and the dissociation width [, and
varies inversely with the resonance energy ¢ ; the probabil-
. . max
ity p is usually expressed as [2-4]

-t /1
p=e ° %, (7)

where 1_ is the average separation time of A and X, and 1_ is
the avéiage lifetime of AX™*. As T increases, higher-l?ing
vibrational levels of AX are populated for which the inter-
nuclear distances increase significantly (and hence the
Franck-Condon region is broadened), and the magnitude of o
for molecules, AX$. r in such excited nuclear motion states
increases signifiéantly; also, the threshold energy is
lowered, and the ', is increased (e.g., see Refs. 2, 5). Such
an enhancement in 0. , however, can be small in cases where
the dissociative aégachment process 1is exoergic and the
potential energy curve for the transient negative ion AX™*
crosses that of the neutral molecule close to the equilibrium
separation.

The increase in O, with T results from an increase in both
o [as higher wvibrational 1levels of AX are populated,
progressively lower energy electrons, for which ¢_ is larger
[2,6], are captured (also the Franck-Condon factofs change) ]
and p. However, the increase in 0 _ is usually small [except
perhaps in those cases (e.g., Ngb {(7]) where geometrical
changes concomitant with electron capture occur] compared with
that in p; the latter dominates the T dependence of © and
results from a shortening of 1_associated with the spa%ially

more extended wavefunctions ofSAxg. c Theoretical calcula-
tions [2,5,8,9] have shown that ¥%e effect of rotational
excitation on O is usually small and that the effect of 1

vibrational exciggtion substantially accounts for the observed
increases in o, with T.
da
The aforementioned conclusions are based on experimental
5 and theoretical results on diatomic molecules (0O, H,, Ds,
‘. HCg, DCL) {2,5,8~11]). Examples of these findings are shown in

3
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Figs. 1 and 2. In Fig. 1 are plotted the calculated [8]
values of o, close to the vertical onset for H /H; and D /Dg
for H, and 8% in various vibrational levels v. In Fig. 2 the
experimental (see figure caption) o a for C24 from HCL and DCL
are shown for HCL/DCZ in the v = 0, 1, and 2 levels. The %4a
increases dramatically as the vibrational quantum numbér
increases. For a given pair of isotopic molecules, the lower
the vibrational energy hvx of a given mode x is, the larger is
the effect of T on g, since at a fixed T higher levels v_ are
populated for which t_ is shorter (p larger). It shoufd be
realized, however, that unless T is very large or ¢ small,
the increase of the measured o a with T is much smaller than
indicated in Figs. 1 and 2 because © is the Boltzmann-
factor-weighted o a for all levels v_, and only a small frac-
tion (itself a function of the size ‘of hvx) of molecules are

in higher vibrational levels.

It has recently been pointed out [10] that the data in
Figs. 1 and 2 show that the isotope effects observed [2,6] in
the o for H,/D, and HCZ/DCL (and for other molecules [2,6])
depengaon T. As T increases, 1_ decreases and hence the
isotope effects become less pronounced; for a given T, higher
vibrational levels (for which p 1is larger) are populated in
the heavier molecule (hv_ < hv,) and thus the increase in o
with T is larger for the heavier than for the lighter analoa

(see insets in Figs. 1 and 2). Actually (see inset in
Fig. 2), when HCZ/DCL£ have vibrational energy >0.1 eV this
increase in o© overtakes the opposite effect (decrease)

introduced by ék% larger reduced mass of D-C2 compared with

H-CL , so that the ratio [oda(smax)lbcz/[oda(smax)]ﬂcﬂ which

for HCZ and DCL in the v = 0 level is equal to 0.71 (Ref. 12)
becomes >1.

The cross section data for the various v levels of H, and
D, in Fig. 1 have been used [10] to determine the contribu-
tions to the total o a('r) from the various vibrational levels
at a number of T; at each value of T the cross section for a
particular vibrational level v (see Fig. 1) was multiplied by
the fractional population of that level. The resultant cross
sections o, (v) are shown in Fig. 3 along with the total
o, (T) [theasum of 0, (v) over all contributing v levels].
Afehough these results are approximate (the cross sections in
Fig. 1 for the various v are threshold values [8]), it is
clear that as T increases the isotope effect decreases (see
inset in Fig. 3).
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D, in various vibrational levels. The data are for energies
close to the veq}ical onset. 1Inset: Ratio o_./0,. of the o
for D /D, and H /Hy as a function of the ned%rgi moleculedg
vibrational energy (from Ref. 10).

Similar calculations {10] for HCZ and DCZ are more limited
since for these molecules only cross section data for the v =
0, 1, and 2 levels are available (see Fig. 2) and the effect
of rotational excitation of o_. (T) may not be insignificant
[{9.11] as was the case for Hzaand D, [8,14]. Nevertheless,
the contributions to the total dissociative attachment cross
section ¢ a(T) from the v = 0, 1, and 2 vibrational levels in
Fig. 4 show that the total o, (T) of DCL£ exceeds that of HCR
at T > 650 K (see inset in Fla. 4), while it is only 70% that
of HCZ at T = 300 K.

It is thus apparent [10] that the isotope effects observed
in dissociative attachment depend on gas temperature; they are
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Figure 2. Experimental ([11] o, for C2 /HCL and C2 /DCZ
for HCZ and DC2 in the v = 0, 1, 'and 2 levels. These cross
sections were obtained from the values reported in Ref. 11 for
the ratios o, (v = 1,2)/0, (v = 0) for HCL and DCL [o, (Vv =
1)/, (v =0 %and © (v =‘¥5/od (v = 0) were reported [Qi] to
be, respectively, 3ék3nd 880 £SF HCL and 32 and 580 for DCL]
and by normalizing the od (v = 0) relative cross section of
Ref. 11 to the cross section measured [12] at T = 300 K (the
peak value of 94 for HCZ and DCfZ is, respectively, equal to
1.95 and 1.4 <0717 cm? at ~0.8 eV [12]) (from Ref. 10).

the largest when the isotopic molecules are in their v = 0
levels. It is also apparent that while for diatomic molecules
the ratio g, (v > 0)/0, (v = 0) increases with increasing
vibrational energy, for a given T the internal energy is a
function of the magnitude of hu_ and for polyatomic molecules
also of the number of vibrationa¥ degrees of freedom N.

Polyatomic Molecules

Earlier work on the effect of T on 0, of polyatomic mole-
cules has been reviewed [2]. Recent worann freons, which are
of interest as additives in multicompor... gas mixtures for
use as gaseous dielectrics or in diffuse discharge switches,
has been undertaken at our laboratory, and some of the results
we obtained are presented and discussed in this and the
following sections.
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. Figure 3. Dissociative attachment cross section o, (T) for
H /Hy and D /D, at various T determined as describéd in the
text. For each T the length of the vertical arrows designated
by 0,1,2...gives the contribution o, (v) to the total o, (T) =
b3 oda(v) of molecules, respectively, in the v = 0,1,2....aLevels.

v
The energy, E_, of the v = 0,1,2...vibrational levels was
determined using the formula E. = hcw (v + %) - hcw x (v +

15)2, where h is the Planck constant, c ‘is the speed ofeﬁght,
and w and w X are the vibrational constants given in
Ref. 15. as T increases, progressively larger contributions
to 0, (T) come from molecules in higher vibrational quantum
;::teié) Inset: Ratio oda(T)Dzloda(T)Hz at various T (from

CCLF3;. In Fig. 5 are given the measured [15] total elec-
tron attachment rate constants k_(<&>) as a function of the
mean electron energy <&> for 300 7T <700 K. As T increases,
ka increases, especially at low <g¢>. In Fig. 6 are shown the
total electron attachment cross sections o_(g) obtained [15]
at each value of T from the respective k (<£%,T) in Fig. 5 7ia
the swarm unfolding technique [16]. The peak at ~1.5 eV is
especially sensitive to changes in T. The peak value of o_(¢)
is increased by a factor of 3, and the energy position, ¢ ,
of the peak and the energy onset, A0, shift progressivel?ago
lower energy as T increases. Electron beam studies (inset,
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_Figure 4. Dissociative attachment cross section o a(T) for
C2 /HC2 and C2 /DCL at various T determined as described in
the text. For each T the length of the vertical arrows desig-
nated by 0, 1, and 2 gives the contribution ¢ a(v) to the
total ¢ a(T) of molecules, respectively, in the v = 0, 1, and
2 vibragmnal levels (the energy of each vibrational level was
determined as described in the caption of Fig. 3). The sum,
2
2 o, (v), of the o, (v) for the v = 0, 1, and 2 levels is
v=0 da da
also given in the figure. Since for T > 1000 K the contribu-
tions to oda(T) of molecules in v > 2 is substantial, the

2
values of o, (T) (£ X o, (v)] in the figure for 1000 and
da v=0 da
1500 K are grossly underestimated. As a consequence of this,
the values O>f the ratio [oda(T)]Dc /[oda(T)]H for 1000 and
1500 K (see inset) are lower than eir true values (this is
indicated in the inset by the data points *) {from Ref. 10).
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Fig. 6) have shown [15] that at low gas pressures CCLFj3
captures electrons exclusively via dissociative attachment and
that the peaks at ~1.5 and 4.7 eV are the former due to ce
and the latter due to C2 ., F, CCLF, , and C2F ions.

CoFg- In Fig. 7 the ka(<e>,T) are given along with the
relative abundance of the fragment negative ions observed
(inset, Fig. 7) in a beam study [17]). No parent negative ions
were observed in the low pressure beam study, and this is
consistent with the absence of any pressure dependence of
ka(<e> T) in the swarm study. In Fig. 8 are plotted the swarm
unfolded cross sections which show a single peak due to F and
CF; (see inset of Fig. 7). The decrease in ¢ and A0 and
the increase in FWHM (full width at half maxf%ﬂm) of 0 (¢)
with T are shown in the inset of Fig. 8.
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Figure 6. Total electron attachment cross section versus
electron energy for CCLF3 unfolded from the k_(<&>,T) data in
Fig. 5 at various T. The curve designated by £he open circles
(o) is the electron beam total attachment cross section
normalized to the high energy peak of the swarm unfolded cross
section for 300 K. 1Inset: Relative intensity of the dis-
sociative attachment negative ions produced by low energy
electron impact on CCLF3 as a function of electron energy
measured in a beam study (these spectra were corrected for the
finite width of the electron pulse) [15].

In addition to the k_(<&>),T) we measured in mixtures with

Ar, we also measured the electron attachment, n/N_(E/N), and
ionization, u/Na(E/N), coefficients in pure C,Fg at 300 and
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Figure 7. Total electron attachment rate constant as a
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number density [15]. Inset: Relative intensity of the dis-
sociative attachment fragment anions measured [17] in a low
pressure beam study.

S00 K. These measurements are shown in Fig. 9. The n/N_ data ,
are consistent with those obtained in mixtures of C,Fg with Ar w
(Fig. 7). ‘
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Figure 8. Total electron attachment cross section versus
electron energy unfolded from the ka(<e>,T) data in Fig. 7 at
the indicated temperatures. The open circles (0) are the
total electron beam cross section normalized to the peak of
the swarm unfolded cross section for 300 K. Inset: Variation
of the cross section peak position (£. ), cross section onset
energy (AO), and cross section ful?®idth at half maximum
(FWHM) with temperature (from Ref. 15).

Variation of the Enerqgy Integrated Attachment Cross Section
with Temperature and with the Molecule's Internal Energy

We have determined the energy integrated attachment cross
section
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Figure 9. Electron attachment, n/N_, and ionization, a/N_,
coefficients and their sum, (n + a)/ 4 25 2 function of E
at 300 and 500 K for pure CyFg.

£
max

) oda(e,T) de = O

12 (D) (8)

€ .
min

from the respective o (¢,T) measured for g'/02 [18], c2 /HCL
(11,19], 2 /CCEF, [15]% O /Ny0 [7,20], SFs /SFs [22,23], CoFe
[15] (all ions), and CgFg [26] (all ions). These are plotted
in Fig. 10a. The Oc1a increases with T; this increase varies
from molecule to moiecule but not, however, in the simple
fashion (i.e., the lower the ¢ at T = 300 K the faster its

increase with T) stated earlierE{§7].

The fast increase of o with T for SFg /SFg and O-/Nzo is
most interesting. For Eﬁe this may be due to the larger
increase in p with increasing T probably because almost all 15
vibrational frequencies of SFg are small [774 cm~! (singly
degenerate); 642 cm~! (doubly degenerate); 948, 616, 525, and
347 cm~! (all triply degenerate)] [28] and hence high-lying
levels of each mode are populated at relatively low T; also,
it should be noted that the € nax for SFg /SFg is low (~0.37 eV
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Figure 10. Energy integrated dissociative attachment cross
section as a function of temperature (Fig. 10a) and excess
internal energy <e>, _-<g>_ (Fig. 10b) for 0,, HCLZ, N0, SFg,
CCLF5, C,Fg, and C?,F]};1 (see &he text).

[24]) and that all six SFg-F coordinates lead to SFg . For
N,O the large increase of o 1 with T may result from the fact
that as T increases the Eo% N,0* molecule (in the bending
mode) [7,29] better facilitates upon electron collision the
geometrical changes (from a straight Ny,O* to a bend N,0"%*)
which are known to occur concomitantly with electron capture.
It has been suggested (7] that the increased excitation in the
bending mode of N,O results_in a lowering of the position of
the NIS which leads to O formation; this would increase
greatly the magnitude of o and, thus, Cda-

At any T there is a Boltzmann distribution B of the popu-
lation of the vibrational levels v of each vibra¥ional mode x.
For a molecule with N normal modes, the vibrational energies
of the normal mode x in the v =0,1,2,....levels (if we
neglect anharmonicity) are € x = (v + %)hvx and for each x

-sv/kT ® -ev/kT
B =e / 2 e . (9)
v=0

If we neglect the effect of rotational excitation and consider
only the effect of vibrational excitation to be significant,
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then for a diatomic molecule the cross section oda(a,T) can
be expressed as

[+ -]
\'/
o, (¢, T) = 2 Bag (e, T) . (10)
da v=0 v da

For a polyatomic molecule the summation in (10) must be
carried out for all x. However, even if this were possible
the x are not independent.

Let us then assume that as T increases each vibrational
mode x of a polyatomic molecule is excited by an equal proba-
bility and that the total average internal energy <e>i of
the molecule is principally the sum of the energy in the
various normal modes, x, viz.

N o
<g>, = 2 2 DBe¢ . (11)
int XvVvv,Xx
x=1 v=0

where D_ is the degeneracy of the mode x. If we take <g>,
to be Fthe molecule's total internal energy, then the mole-
N
cule’s excess energy would be <g>,  -<g>_, where <g> (= I %
int 2 z =1
hv_) is the zero-point energy. If now, <g>,  -<¢> is dis-
tributed quickly among the molecule's N vibrational é%grees of
freedom and can thus become available for the dissociative
attachment reaction, one might expect a relationship between
UEI and <g>, t-<a> . Indeed, © 1A increases with <e>in -<£>z
(see Fig. 1053, aléﬁough this increase differs--as expected-~-
from one molecule to another. Actually, a better comparison
might have been a plot of © versus (<g>, _~<g> )/¢e .
This would shift the C,;Fg, C3Fg, 62, and CCLFgy tirves fo 100%r
energies compared with SFg for which € ax - 0.37 eV. The fact
that the curves in Fig. 10b for SFg Aha N,0 mesh reasonably
well although €nax for SFg is 0.37 eV and for N,0 it is
2.25 eV is consiffént with the arguments presented earlier in
this section that the ¢ for electron attachment to Ny0O*
(bending mode) is lower MIn the ¢ for electron attachment
; max
to unexcited N,0.

While further experimental and theoretical work is neces-
sary (especially on polyatomic molecules) to fully understand
the effect of temperature on o, (¢) and O (T), it is clear
that for both diatomic and polyagomic molecdfﬁs the changes in
k a(<s>), o, (¢), and © IA(T) with T result principally from
an increase with T of tge internal energy (= vibrational) of
the molecule.
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Effect of Temperature on Nondissociative
Electron Attachment

The cross section, for nondissociative electron
attachment--as that, © a’ r¥%r dissociative varies profoundly
with the gas temperature. Based on the data outlined in this
section, this dependence arises from an effect of T on both o’
and p’. However, while for dissociative attachment O4a
generally increases with T, for nondissociative attachment o
generally decreases with T. Furthermore, while in dissoci-
ative attachment the increase in 0, with T is predominantly

. . da .
due to a decrease in tT_ (and thus increase in p), the decrease
in o, for nondissociative attachment is due to a decrease in
T (and thus decrease in p) and o . These conclusions are
based on the following results.

SFg

The cross section for the formation of SFS- from SFg at
~0.0 eV has been found to increase dramatically with
increasing T (Fig. 10; Refs. 2, 22). However, a number of
studies [2] have shown that the total attachment cross section
or rate constant for SFg is independent of T to ~1200 K. This
implies that the formation of SFg (whose O . peaks at ~0.0 eV
[2]) decreases with increasing T. Direct evidence for this is
provided by the early work of Hickam and Berg ([30]. It is
presently not possible to which quantity, 0  or p°, to ascribe
this decrease 1in on with T, although p is expected to
decrease with increasing T because 1_ is expected to decrease
as the internal energy of SFg~* increases [2,6].

1-C3Fg

A large decrease of the attachment rate constant for non-
dissociative electron attachment to perfluoropropylene
(1-C43Fg) with increasing T has been observed (Fig. 11; Refs.
2, 31, 32). This has been attributed [31,32] to a decrease in
the LA of 1-C3Fg~* with increasing T.

CgFg

A profound decrease in the rate constant for electron
attachment to perfluorobenzene (CgFg) with T has been reported
for CgFg (Fig. 12; Ref. 33). At T = 300 K, C¢Fg forms parent
CgFg ions by capturing near-zero energy electrons [2]; the 1t
of CgFg~* was found to be ~10 pus [2]. Spyrou an
Christophorou [33] concluded that the decrease in k_(<&>) with
T (Fig. 12) cannot be attributed to a decrease in 1_ (decrease
in p) with T [the ka(<e>) did not depend on the "gas number
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Figqure 11. Total attachment rate constant versus mean
electron energy for 1-C3Fg in N, at 273 < T < 473 K (from
Ref. 32).

density at any T] or other by-products resulting from gas
heating. They attributed it to a decrease in o  and suggested
that the increase in the internal energy of CgFg affects
rather profoundly the rate for the capture transition (i.e.,
to differences in the magnitude of 0 _ for the reactions e +
CGFG > CGFG-* and e + Cer* hd CGFG—*)'

While much improvement in our understanding of the effects
of the internal energy of a molecule on its electron attach-
ment properties is still desirable, it is clear that as a rule
O4a increases and © decreases with increasing internal
energy, that is, increasing T. It is also apparent that for
both dissociative and nondissociative electron attachment p is
the determining factor unless geometrical changes concomitant
with electron capture effect changes in o, or oé.
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Figure 12. ka(<e>,T) for CgFg measured in a buffer gas of
N>. The CgFg gas number density varied from 0.41 to 46.3 x
1013 cm~3 and that of N, from 2.25 to 6.44 x 10!° em~3 (from
Ref. 33).

Effect of Temperature on the Measured Attachment Rate
Constant and Cross Section for Molecules for Which
Both Dissociative and Nondissociative Electron
Attachment Occur Over an Energy Range

Recently, we measured [26] the total electron attachment
rate constant k_(<e>) for C3Fg in Ar in the temperature range

e, - from 300 to 750 K. At T < 425 K the k,(<e>) were found to
g increase with increasing total gas number density N_ over the
“': entire <¢> range (~0.5 to ~5 eV) covered in these experiments.

RN At 450 K, the k_(<&>) increased with N_ only for <e¢> < 1.2 eV

and at T > 450 X the k (<e>) were independent of N. The
S k (<e>) also showed a weak dependence on the attachlng gas
.- niimber density N_ due to the effect of the presence of the
ﬁ!} attaching gas on the distribution functions of pure Ar used in
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the analysis; this effect was taken into account by measuring,
for a fixed N the k (<e>) as a function of N and extrapo-
lating at each <£> the? k (N ) to N -+ 0.

In Fig. 13 are plotted the values, k,(<e>), of ka(<e>) for
N *> 0 and N_ > 0 for all values of T that data wére taken,
ahd in Fig. 14 ki is plotted as a function of T for two values
of <e>. It is evident from thes< data that k;(<e>) decreases
to a minimum around 450 to 500 K and that it then increases as
T increases.
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Figure 14. (a) and (b) Electron attachment rate constant
ky (N, » 0; N -+ ») for CzFg versus temperature T at the mean
electfon energies <g> = 1.23 and 2.14 eV. (c) Ratio Rd of
the attachment rate constant due to dissociative attachmeéi to
the total attachment rate constant (see the text) versus the
mean electron energy at 300, 400, 425, and 450 K obtained from
extrapolation of the k_(<&>) measured at T 2 500 K to lower T
(see the text). a -

The delicate dependence of ka(<s>) on T can be understood
by considering the results of electron beam and electron swarm
studies. Single collision beam experiments on C3Fg indicated
the presence of only dissociative attachment anions and
established their identity and energy dependence; they also
showed the existence of a number of NISs which lead to dis-
sociative attachment [17]. On the other hand, the results of
high pressure swarm experiments on C3Fg determined the
magnitude of the total attachment rate constant and cross
section as a function of electron energy and their total
e pressure dependence [26,34]; they indicated that in addition
L to the NISs which lead to dissociative attachment (observed in

: single collision beam experiments) there exists another,
lower-lying NIS which is attractive and which leads to the
formation of parent negative ions with t_ < 10°% s [26,34].
These findings and the observed effects of T on k_(<&>)
(Figs. 13 and 14) and o, (¢) (Fig. 15) have been ascriBed to
electron attachment via an attractive NIS (with a positive
electron affinity and a steep repulsive part) leading to
parent anions and to one (or more) repulsive NISs leading to
fragment anions.
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Figure 15. Swarm unfolded total electron attachment cross
section o0_(e) for CgFg obtained [26] from the k;(<e>) in Ar
shown in fig. 13 at (a) 300, 400, 425, and 450 K and (b) 300,
500, 600, 675, and 750 K. In Fig. 15a is plotted also the
dissociative attachment cross section o, (g£) obtained from the
swarm data at 300 K (curve S§) and gﬁe dissociative cross
section measured in an electron beam experiment (curve B)
which has been normalized to the peak of o0, (¢) (see the
text). In Fig. 15b the curve for 300 K is e curve S of
Fig. 15a. Inset: Variation of peak energy (¢ ), appearance

onset (AO), and full width at half maximum (FWﬂﬂ? of the total
section of CaFg with

dissociative attachment cross

temperature.
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The delicate dependence of k_(<e&>) on T (Figs. 13 and 14)
can thus be considered as the result of two opposite effects
of T: one on the rate constant for nondissociative and the
other on the rate constant for dissociative electron attach-
ment. As it has been shown in the previous section, as a
rule, the rate constant for pure nondissociative attachment
processes decreases and that for pure dissociative attachment
processes increases with increasing T. At each <g&>, the
magnitude of ka is determined by the relative magnitudes of
the rate constants for nondissociative and dissociative elec-
tron attachment both of which depend on T. From the data in
Fig. 14, it is apparent that for T > 500 K the principal
contribution to the measured ka originates from dissociative
attachment; this is supported by the lack of any dependence of
k. on N, at high T and from the observed increases in k_ with
Ta(soo Eo 750 K) which are characteristic of molecules ®which
attach electrons dissociatively. We then assumed [26] that
for T > 500 K the measured k_ is due entirely to dissociative
attachment and extrapolated (at various values of <&>) the
measured k_ at T > 500 K to lower T (see Figs. 14a,b) in an
effort to estimate the dissociative attachment contribution to
the measured k_ at T < 500 K, where nondissociative attachment
takes place and becomes progressively more significant with
decreasing T. From plots such as those in Figs. 14a,b we
estimated [26] the ratio R,, (<e>) of the dissociative to the
total attachment rate consgégt as a function of <g> for 300,
400, 425, and 450 K. These estimates are given in Fig. l4c
and show that the contribution of dissociative attachment
processes to the measured rate constant is both a function of
<¢> and T.

The total -electron attachment rate constants k;(<e>)
(Fig. 13) were unfolded [26] and the total attachment cross
sections 0_(&,T) obtained are shown in Fig. 15. They decrease
in magnitude with increasing T from 300 to ~450 K (Fig. 15a)
because in this T range the total cross section contains a
large contribution (which decreases as T increases) from
nondissociative attachment. An increase in T beyond ~450 K
(Fig. 15b) results in an overall increase in the magnitude and
full width at half maximum--and a shift to lower energy of the
onset and energy of the peak (see inset of Fig. 15b)--
resulting from the increasingly larger contribution of the
dissociative attachment component to the total cross section.

In Fig. 15a are also compared the cross sections due to
only the dissociative attachment contribution to the total
cross section at 300 K (curve S) and the total (for all
fragment anions) dissociative attachment cross section for
C,Fg measured in a single collision electron beam study [17];
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the latter was normalized to the peak value of the former. It
is seen that the peak positions of the two cross section
functions agree well and that both lie at a higher energy than
the total unfolded cross section aa(e,300 K).

Conclusions

While much improvement in our understanding of the effects
of internal energy of a molecule on its electron attaching
properties is still desirable, it is clear that as a rule o a
increases and o decreases with increasing T. It is also
apparent from the data obtained to date that for both dis-
sociative and nondissociative electron attachment the survival
probability is the determining factor (shortening of T_ in
dissociative and shortening of t_ in nondissociative electron
attachment with increasing T) 2unless geometrical changes
concomitant with electron capture effect changes in oc(oé).

From the practical point of view, both the increases and
the decreases in k_(<€>) with T are significant because they
affect the conductivity/dielectric strength properties of the
gaseous medium. The sensitivity of k_(<e>) to changes in T
requires that proper attention be given to the operating
temperature range of a given device. Interestingly, the
sensitivity of ka(<s>) to T (e.g., CgFg; see Fig. 12) can
perhaps be employed to change the conducting/insulating
properties of a gaseous medium by varying T.
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